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Research

Canopy Level Fluxes of
2-Methyl-3-buten-2-ol, Acetone, and
Methanol by a Portable Relaxed
Eddy Accumulation System

BRADLY BAKER,*" ALEX GUENTHER, AND
JIM GREENBERG

National Center for Atmospheric Research,

Boulder, Colorado 80303

RAY FALLT

Department of Chemistry and Biochemistry,
University of Colorado, Boulder, Colorado 80309

Canopy level flux measurements of 2-methyl-3-buten-2-ol
(MBO), acetone, and methanol were made over a subalpine
forest in the Rocky Mountains in Colorado in the summer
of 1999. The measurements were carried out using a
portable relaxed eddy accumulation system that collected
samples on adsorbent cartridges. Midday fluxes of
acetone were highest at ~2.5 mg of C m~2 h~. Methanol
and MBO fluxes were ~1.0 mg of C m=2 h~! each.

These fluxes occurred with average daytime high temper-
atures of only 18 °C. Diurnal fluxes of MBO were strongly
correlated with light and temperature. Acetone and methanol
did not have simple diurnal patterns. These results
indicate that oxygenated volatile organic compounds may
make a significant contribution to the flux of reactive
carbon to the atmosphere in western U.S. pine forests.

Introduction

Volatile organic compounds (VOCs) emitted from the bio-
sphere play important roles in the chemical processes of the
troposphere. These processes include the photochemical
production of ozone in both rural and urban atmospheres
(1, 2) and influences on other atmospheric oxidants and
aerosols. Model calculations suggest that about 1150 Tg of
carbon is emitted into the atmosphere every year in the form
of biogenic VOCs from vegetation (3). The largest uncertain-
ties in biogenic VOC emission inventories are associated with
oxygenated VOCs such as methanol and acetone. There are
few published reports that detail fluxes of these compounds.
Methanol and acetone were the two most abundant VOCs
measured above several different forest ecosystems (4—6).
Other studies, carried out with intact plants, have shown
that methanol (7, 8) and acetone (9—12) are biogenically
produced, and itis now clear that wounded stems and leaves
also release these and other oxygenated VOCs (10, 13, 14).
Interestin biogenic acetone arises from the belief that acetone
could be asignificant source of HO in the upper troposphere
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(15). Methanol may have importantimplications with respect
to atmospheric formaldehyde in some regions. In the western
United States, the oxygenated compound 2-methyl-3-buten-
2-ol (MBO) may be the predominant reactive VOC above
certain pine forests (16—19).

until recently, most studies of biogenic VOCs have
consisted of ambient measurements of compounds above a
vegetation source. Biogenic sources have been determined
by correlation with environmental variables such as light
and temperature or by correlating the diurnal pattern with
another VOC that is of known biogenic origin, while
anthropogenic sources have been determined by correlation
with common anthropogenic tracer compounds such as
benzene and toluene. While these measurements are useful
in examining atmospheric chemistry, give clues as to sources
of VOCs, and can be used to roughly model fluxes, they do
not help us determine an accurate source strength or flux of
a compound to the atmosphere. Knowing an accurate flux
is vital for both developing and verifying models that predict
regional and global emissions of biogenic VOCs.

Canopy-level flux measurements of biogenic VOC are
complicated by the fact that fast sensors (1 Hz and faster)
are not available for many hydrocarbons, thus making direct
measurements of flux using eddy covariance techniques
impossible. Even when afast sensor is available as is the case
with isoprene (20, 21), the amount of equipment and power
requirements can be cumbersome for a remote field site.
Relaxed eddy accumulation (REA) has been developed as a
means to eliminate the need for a fast sensor when measuring
trace gas fluxes (22). This paper describes a portable REA
system that is able to measure a wide range of VOC fluxes,
including oxygenated biogenic VOCs, such as MBO, metha-
nol, and acetone.

Experimental Section

REA System. The theory behind REA is explained elsewhere
(22). Inshort, two air samples are collected over a statistically
meaningful time period (~30 min); one consisting of updrafts
and one consisting of downdrafts. Although sampling
alternates between up and down reservoirs, it occurs at a
constant flow rate. The duration of sample collection for
each reservoir is related to the frequency at which the wind
eddies change vertical direction. The flux (F) is then calculated
using the following relationship:

F = po,(C, — Cy) (1)

The value f is a unitless coefficient, which in completely
ideal conditions (e.g., over a smooth surface) has a value of
0.6 but can also be determined empirically (23). The standard
deviation of the vertical wind over the collection period is
ow, and C,and Cqare the average concentrations of the analyte
of interest in the up and down reservoirs, respectively. To
increase the sensitivity of the measurement, it is common
to include a dead band in the sampling at which time the
sample air is vented, and no sampling occurs when the vertical
wind velocity does not exceed a preset value in either the up
or the down direction. The result is that the empirical
determination of f is less than 0.6, and there is a larger
difference in concentration between the up and the down
reservoirs.

The REA technique has been used to measure biogenic
VOC fluxes in the past (24—26, 18). There are two basic system
designs. Most common is the bag-type REA in which the up
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up inlet
down inlet

FIGURE 1. Schematic diagram of the cartridge relaxed eddy
accumulation system. MFM is mass flow meter.

and down reservoirs consist of Teflon or Tedlar bags (24, 26,
18). The air sample is drawn through a pump and then
directed by valves to one or the other of the bag reservoirs
depending on the vertical wind measurement. The advantage
of thissystem is that there is little or no pressure drop between
the inlet and the reservoirs, so maintaining a constant
sampling rate is not difficult. The major disadvantage of this
system is that sample analysis must be done on site since
bags are not a good long-term storage container for sampled
air. This is due to their awkwardness, artifacts coming from
the bag material, adsorption of compounds onto the bag
material, and potential for leaks. Samples could be transferred
from bags to adsorbent cartridges or canisters; however, this
would increase the chance for artifacts and sample loss to
occur. Consequently, agas chromatograph (GC) system must
be set up at the sampling site, and a GC is both a large
consumer of power and difficult to deploy at more remote
sites. The other system type is the cartridge REA in which the
reservoirs consist of tubes packed with an adsorbent material
that collects the analytes as the ambient air passes through.
The advantage of the cartridge REA is that samples are
contained in asmall, lightweight portable container that can
easily be taken back to the lab and analyzed. The specifics
of the cartridges used with the REA described in this paper
are discussed below. The primary difficulty with a cartridge
REA is that there is a pressure drop across the sampling
reservoir. This makes it difficult to maintain a constant flow
when sampling is switching between the two reservoirs at a
high frequency. Methods have been developed to maintain
the pressure drop across the reservoir during off sampling
times; however, this requires techniques such as having zero
air flowing through the off cartridge, which requires having
a tank of zero air or producing zero air on site (27). A
discussion of both these types of REAs, and particularly the
bag REA, is found in ref 26.

The cartridge REA system described here (Figure 1) was
designed to maintain the pressure drop across the sample
reservoirs, while avoiding the need for having zero air on
site. The up and the down sampling inlets were independent
of each other. During sampling, air was drawn by a pump
through both inlet lines. Prior to encountering the pump,
the samples ran through a three-way Teflon isolation valve
(Bio-Chem Valve Inc., Boonton, NJ; response time of <20
ms) and then flowed through the sample reservoir or cartridge
where all of the hydrocarbons were collected from the
airstream. After leaving the cartridge, the filtered airstream
ran through a bellows metering valve (Nupro, Willoughby,
OH), a mass flow meter (MFM) (Micro Switch, Freeport, IL;
model AWM3300; response time of 5 ms), a ballast volume,
and the Teflon diaphragm pump (KNF Neuberger, Princeton,
NJ; model NPH 30) and finally exited through another valve
to vent. During off sampling periods, both valves were
switched, and air already scrubbed of hydrocarbons by the
sampling cartridges recirculated through a closed loop, thus
maintaining the pressure drop across the sample reservoir.
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All tubing was PFA Teflon, including the fittings on each side
of the cartridge, and the ballast volume consisted of ap-
proximately 50 cm of 0.25-in. Teflon tubing packed loosely
with glass wool. The purpose of the ballast was to dampen
out oscillating flow from the diaphragm pump. Analysis of
zero air passed through the REA showed no measurable trace
of the target compounds. Mass flow through the system
measured by the MFMs was read on a panel display (Datel,
Mansfield, MA) so flows could be adjusted in situ using the
bellows metering valves. The limiting pressure drop was
across the bellows metering valve, so once a flow was set, it
remained constant from one sampling period to another,
regardless of the pressure drop across the cartridge. The
cartridges were housed in a cooling unit so sampling could
take place at subambient temperatures. The unit was cooled
by two three-stage peltier coolers (Melcor Thermoelectrics,
Trenton, NJ; model 3CP 085 065-71-31-17L) controlled by a
standard controller unit (Omega, Stamford, CT). Tempera-
tures as low as —30 °C were reached. Valve switching was
controlled by a laptop computer with a PCMCIA acquisition
and control board (National Instruments, Austin, TX) that
acquired wind data from a 3D sonic anemometer (Applied
Technologies, Boulder, CO) operating at 10 Hz. During
sampling periods, the sample was first drawn through an
ozone scrubber placed at the end of each inlet line. The
scrubbers consisted of a 0.25 in. (0.64 cm) o.d. glass tube, 4
cm long, packed with glass wool impregnated with potassium
iodide (18, 28). For this experiment, a dead band was set for
wind velocities not exceeding 0.60y (29), in which case both
up and down channels were recirculating air. The value of
ow was determined based on the vertical wind from the
previous 0.5-h period. The constant g was determined by
measuring heat flux by eddy covariance. The dead band was
taken into consideration in this calculation (18). The REA
system (not including the computer and sonic anemometer)
was housed in a box 50 cm x 43 cm x 23 cm and weighed
13.5kg. Maximum power consumption was 120 W. The major
consumption was by the peltier coolers; if they were not
used, power consumption was 60 W.

To check if the flow rate through the REA was truly
constant, the recorded MFM data was examined. Figure 2
represents the recorded flow during a 0.5-h sampling period
above the forest canopy for the up and down loop of the
REA. Only data from sampling periods (no data from
deadband periods) during the 0.5 h are displayed. The data
represent the output of the MFMs that were calibrated using
a bubble flow meter (Gillian Corp., Wayne, NJ) both before
and after the field experiment. No change in the calibration
occurred between these two times. Figure 2 shows that during
a typical sampling period the flow remained constant to
within a relative standard deviation of less than 8% for both
the up and the down channels.

The REA system’s response time to changes in vertical
wind direction was not directly tested. The switching
frequency was controlled by the 10-Hz data received by the
sonic anemometer. The valves and MFMs had response times
much faster than 10 Hz, so it was assumed that the system
responded with less than a 0.1-s delay. No offset was
programmed into the system, as has been done for single
inlet REAs (26) to account for the time that the sample takes
to get from the sample inlet to the segregation valve. In the
REA system described here, each channel of the REA had a
separate inlet, and only up eddy air went to the up cartridge
and vice versa. It has also been shown that even over a
relatively open pine forest canopy, offset errors of more than
a few tenths of a second produce small flux errors (18). To
examine the potential for flux errors due to a system response
slower than 0.1 s, the vertical wind data from a typical 0.5
h of sampling was plotted (Figure 3) to show the cumulative
density of sampled turbulent eddies as a function of eddy
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FIGURE 2. Mass flow meter output from the relaxed eddy accumulation system showing the constant flow rate through both the up and
the down cartridge during sampling periods. Each data point represent one-tenth of a second.
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FIGURE 3. Cumulative density of sampled turbulent eddies as a function of eddy frequency for a typical 0.5-h sampling period at the Niwot
Ridge subalpine forest. High frequency eddies faster than 2 Hz account for only 10% of the flux.

frequency. Figure 3 reflects the eddies that the REA sampled,
i.e., the sampling dead band was factored in. This type of
analysis has been made in the past for vertical winds over
amixed deciduous forest to show that an instrument response
time of 2 Hz was fast enough to adequately measure isoprene
fluxes (21). Figure 3 shows that the eddies with frequencies
higher than 0.25 Hz account for less than 10% of the total
amount of air moved by turbulence over the subalpine
coniferous forest where this study took place. Response delays
of up to 0.5 s would translate into missing about 10% of the
flux.

Cartridges. Adsorbent cartridges have been used suc-
cessfully for the measurement of trace VOCs in the atmo-
sphere (30, 31). The cartridges used with this system (Supelco,
Bellefonte, PA) were constructed of 3.5 in. (8.9 cm) long by
0.25in. (0.64 cm) o.d. Silcosteel tubes packed with 350 mg

of Carbotrap followed by 180 mg of Carbosieve S-111. Sampling
was done in such a way that compounds encountered the
Carbotrap first, and desorption of the cartridges was in the
opposite direction as sampling. To prepare for sampling, the
cartridges were heated to 300 °C for approximately 12 h with
a 75 mL min~* flow of UHP nitrogen. Cartridges were kept
refrigerated at —30 °C in the lab, both before and after field
sampling. In the field, cartridges were kept packed in dry ice
(=80 °C). Our experience has suggested that keeping
cartridges at subambient temperatures during storage, both
before and after sampling, helps in reducing the background
of some compounds in the blank (32). In addition, keeping
cartridges cool after sampling helps prevent the loss of some
VOCs during storage times of days to weeks.

During sampling, cartridges were also kept at subambient
temperatures. For this experiment, the cartridge cooler on
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FIGURE 4. Schematic diagram of the gas chromatography inlet system used to analyze the cartridges from the relaxed eddy accumulation

system. Darkened lines indicate the sample path through the system.

the REA was set to —15 °C. The reason for this is 2-fold. First,
the breakthrough volume for all compounds is substantially
increased at lower temperatures. Since air was continuously
passing through the cartridge in this REA, it was important
to maximize the breakthrough volumes. However, for this
experiment, no more than 10 L of air ever passed through
a cartridge, and at —15 °C, breakthrough volumes for the
target compounds are much greater. Second, when atmo-
spheric water vapor is present, the breakthrough volumes
for highly polar compounds such as methanol are greatly
reduced. To collect all of the methanol and other polar
compounds on the cartridge, temperatures below 0 °C must
be used. We have seen this occur with a wide variety of
adsorbent types. However, high concentrations of water in
the sample have the potential to cause problems with the
VOC analysis.

VOC Analysis. Water, in high concentrations, can freeze
and restrict flow in cryoenrichers, interfere with and degrade
separations, and extinguish the hydrogen flame in a flame
ionization detector (FID). Many methods have been devised
to remove water from atmospheric samples before precon-
centration and injection to the GC column (33). Most of these
methods, while effectively separating water from most
atmospheric trace gases of interest, do not separate water
effectively from highly polar VOCs such as methanol. Instead,
these VOCs are removed from the sample along with the
water, and quantitative results are much more difficult. One
method for separating water from the more polar atmospheric
trace VOCs that has been used with success is two-
dimensional chromatography (34, 35, 5). We have employed
similar methods in the analysis described below.

Sampled cartridges were analyzed within 2 days of sample
collection. Samples were introduced to the GC system by
sending ~50 mL min~! of He through the cartridge in the
opposite direction as sampling for 8 min while heating the
cartridge rapidly to 280 °C by clamping on a preheated brass
block. The inlet of the GC system is shown in Figure 4 and
was based on a system described in ref 5. Helium carrying
the sample from the cartridge first encountered an enricher
that consisted ofa0.25in. (0.64 cm) o.d. Silcosteel tube packed
with glass beads (60/80 mesh) immersed in liquid nitrogen.
After the sample was concentrated on this enricher, it was
back-flushed onto a sorbitol column (Alltech Associates, Inc.,
Deerfield, IL; 2 m x 0.125 in. (0.32 cm) o.d. Silcosteel, 25%
sorbitol on 80/100 mesh GasChrom QIl) by heating with a
sand bath at 250 °C. Sorbitol strongly retains water, allowing
the rest of the sample, including methanol, to elute through
and be focused on the second enricher. The sorbitol column
was kept in an isothermal oven at 105 °C with a carrier gas
flow rate of 25 mL min~* He. The flow through the sorbitol
column was then reversed after 14 min, and the water was
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back-flushed off of the column before the next analysis. The
second enricher consisted of a 0.0625 in. (0.16 cm) o.d.
Silcosteel open tube immersed in liquid nitrogen. The
enricher was placed in-line with the carrier gas and heated
to 250 °Cinasand bath to inject the sample onto the analytical
column. All tubing that the sample contacted in the system
was constructed of Silcosteel and heated to 100 °C.

The primary analytical column used was a DB-624 (J &
W, Folsom CA, 30 m x 0.32 mm i.d., 1.8 um film thickness).
The DB-624 columnisamid-polarity column, which is useful
in the analysis of both polar and nonpolar trace gases. It also
has the potential of separating C,—C, hydrocarbons without
the need for subambient temperature programming. The
temperature program began at 30 °C for 6 min, then ramped
to 100 °C at 10 °C min~t, and then ramped to 200 °C at 20
°C min~1. Detection of compounds was achieved by a FID.

Calibration. Instrument calibration occurred on each day
that sample analysis took place. The standard consisted of
a commercially prepared compressed gas mixture that
contained a number of VOCs in the parts per million range
including MBO, acetone, and methanol (Scott-Marin, San
Bernadino, CA). Dilution of this standard was carried out
using a dynamic dilution system that consisted of several
mass flow controllers (Tylan Corp., San Diego, CA; Unit
Instruments Inc., Yorba Linda, CA) used to precisely mix the
standard gas with hydrocarbon free air and produce a gas
stream with MBO, acetone, and methanol concentrations
on the order of a few parts per billion. Zero air used to dilute
the standard was partially humidified before mixing with
the standard gas to simulate atmospheric water vapor
concentrations. Calibration of the standard cylinder is
described inref 18. Standards were collected in the laboratory
at —20 °C on the same cartridges used in the field for sample
collection and were analyzed in the same way as field samples.
Percent standard deviation of standards over the course of
the 40-day period in which analysis took place was 10% for
acetone, 15% for MBO, and 20% for methanol. Average
response by the FID to the standards decreased by 5% over
the course of the 40 days. To test for the cartridge to cartridge
variation in field samples, ambient measurements were
periodically made at the field site using both channels of the
REA instrument to sample simultaneously. For these sample
pairs, the average difference in concentrations was 3% (1o
= 55%) for MBO, 7% (10 = 83%) for acetone, and 17% (1o
= 100%) for methanol. This comparison represents four
sample pairs collected on two early mornings and two
afternoons. The better reproducibility in the field data versus
the standards was attributed to problems with pump
fluctuations in the apparatus used to collect the standards
onto cartridges in the lab.
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the determination of the concentration of each compound could be made.

Sampling Site. Measurements were made from a 25 m
tall walk-up tower at the Niwot Ridge Ameriflux site located
in the Arapahoe National Forest in Colorado (40°01'58.4" N,
105°32'47.0" W, 3050 m above sea level) on several days during
the months of July and August 1999. The forest was accessed
through the University of Colorado Mountain Research
Station. The footprint of the flux measurements consisted of
a mature stand of 43% lodgepole pine (Pinus contorta), 35%
subalpine fir (Abies lasiocarpa), and 22% engelman spruce
(Picea engelmannii) (by basal area) situated on a slope of 6°,
which slanted up toward the Continental Divide to the west.
The height of the canopy was ~15m. This site is well-suited
for the measurement of MBO fluxes since it has been shown
thatlodgepole pine are a high emitter of MBO (17) and should
be the predominant reactive hydrocarbon over this forest.

Characteristic morning winds at the site were downslope
and westerly. Shortly after noon, the winds would usually
switch to easterly and upslope, frequently accompanied by
thundershowers. During days on which sampling took place,
daytime high temperatures averaged 18 °C with a high of 19
°C. Light levels reached 2000 umol m~2 s~* of photosyntheti-
cally active radiation (PAR) at midday. Sample inlets for the
REA were placed at 19 m on the walk-up tower. All data
presented here are from times of downslope winds from the
Continental Divide.

Results and Discussion

Flux Measurements. Reported measurements were made
in the morning hours during downslope wind conditions
and before afternoon thunderstorms moved in. Only data
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FIGURE 6. (a) 2-Methyl-3-buten-2-ol fluxes for two independent days with those days’ light and temperature data. (b) Modeled fluxes along

with the measured flux for comparison.

from the 2 days of sampling in which relatively continuous
sampleswere acquired are presented here. Figure 5compares
the measured concentrations of the up and the down
cartridges for MBO, acetone, and methanol on July 20 and
August 13, 1999. The error bars represent the uncertainty in
the analytical determination of the concentration of each
compound of interest. Differences in the up and the down
MBO concentrations are quite large vs the uncertainty in the
measurement, and the uncertainties in the overall flux
measurements are low. For acetone, the uncertainty relative
to the concentration difference is greater, but a flux is still
able to be determined. The pattern of methanol fluxes cannot
be precisely determined, especially on August 13, when the
observed fluxes were relatively low as compared to July 20.
However, we report the methanol fluxes anyway since it
indicates an upper limit to what the fluxes were. It is
worthwhile to note that high temperatures did not exceed
19 °C on the two days when fluxes are reported. Fluxes at this
low temperature will not be nearly as high as what might be
expected from a forest in a warmer climate.

MBO Fluxes. The data shows a definite diurnal pattern
in the flux of MBO with maximum fluxes at midday. This has

1706 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 35, NO. 9, 2001

also been seen over a ponderosa pine canopy (18), and it has
been shown that MBO emissions are largely controlled by
lightand temperature at the needle level (17). Figure 6a shows
MBO flux measurements for July 20, August 13, and each
day’s lightand temperature data. Light and temperature data
were not available for the morning of July 20. The landscape
emission model of ref 3 was used to model emissions of
MBO over the pine forests of the Front Range in Colorado.
It has been suggested that MBO fluxes from pines can be
modeled at the needle level using the same algorithms that
were devised for biogenic isoprene emission (17, 36). The
same model was used to compare the canopy level emissions
of MBO from a ponderosa pine plantation in the Sierra
Nevada Range of California with REA flux measurements
and came up with values a factor of 2 higher than the
measurements; however, model and measurements followed
the same general diurnal pattern (18). Here we used the same
parameters as ref 17 to model MBO emissions at the Niwot
Ridge site using the temperature and light data that were
collected during this experiment.

Figure 6b shows the modeled and measured MBO flux for
July 20 and August 13. The modeled fluxes underestimated
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FIGURE 7. Acetone and methanol fluxes for two independent days (as in Figure 6a for MBO) with those days’ light and temperature data.

the measured fluxes by less than 10%, however, with a
standard deviation of 50%. The scatter is probably due to
several causes. As discussed in ref 18, on short time scales,
the model only accounts for changes in the emissions due
to changes in light and temperature. Variations in the
measured flux due to a changing footprint region and other
environmental variables may have had an effect on MBO
emissions within time scales of 0.5 h.

Acetone and MeOH Fluxes. For acetone and methanol,
the pattern of emissions was not clear. Figure 7 shows fluxes
of acetone and methanol for July 20 and August 13. There
was no apparent correlation between emissions of these two
compounds and light and temperature. Emissions on August
13 were on average lower than those of July 20, although
maximum temperature and light between the two days was
notsignificantly different, suggesting that some other variable
was controlling these emission rates. In some cases there
seemed to be deposition to the forest. One should be
reminded that the precision of the acetone and especially
the methanol flux measurements were not as great as that
for MBO, such that the measured negative fluxes may have
been due to imprecision in the measurements. Methanol
emissions from broad-leafed plants seemed to follow stomatal
conductance rather than temperature; however, no mea-
surements have been made on pine plants (7, 8). Itis believed
that methanol is emitted by trees during periods of rapid leaf
or needle growth. Acetone may be emitted from conifer buds
(9); however, our studies have shown that acetone may also
be emitted directly from pine needles of some species
(unpublished data) and appeared to follow the emission
pattern of MBO quite closely under certain light and
temperature conditions. Describing patterns of canopy level
fluxes of acetone and methanol is further complicated by
the possible emission of these compounds from wet soils
and leaf litter (37).

Boundary Layer Mass Balance Model. The oxygenated
VOC emissions estimated for this site using the REA system
should have a significant impact on atmospheric concentra-
tions of these compounds. As a constraint on the REA flux
estimates, a simple mass balance box model was used to
predict the late morning concentrations expected for the
fluxes measured by REA. The model predicted the absolute
concentration for a short-lived compound (e.g., MBO) and

the rate of concentration change for long-lived compounds
(e.g., methanol and acetone). The model assumes that

_ (wc), + z;PC; — (wc),
- zL

AC 2

where AC is the change in concentration for the compound

of interest; (wc), and (wc),, are the surface flux above the
canopy and the entrainment flux, respectively; z; is the height
of the mixed layer, PC; is a production term due to the
concentration (C;) of a precursor compound, and L is the
loss term due to OH and ozone. The general model
assumptions and associated uncertainties are discussed by
ref 24. We assumed a midday boundary layer height of 1 km,
an OH concentration of 3 x 10% molecules per cm?, and an
ozone concentration of 50 ppbv based on measurements at
a nearby site (38). The model includes the production of
methanol from methane; the production of acetone from
propane, monoterpenes, and MBO; and the entrainment of
VOC from above the boundary layer. For the observed surface
emissions of 1 mg of C m~2 h~! of MBO and methanol and
2.5mgof C m~2h~! of acetone, we estimate a boundary layer
average midday MBO concentration of about 200 pptv and
concentration changes of 500 and 600 pptv h~ for methanol
and acetone, respectively. In comparison, we observed 400
pptv MBO and concentration changes of 1500 and 600 pptv
h~* for methanol and acetone, respectively, in the surface
layer. The surface layer tends to have concentrations that
are about 50—100% higher than the boundary layer average
for reactive VOC that are emitted from the surface (24).
We have observed significant fluxes of three oxygenated
VOCs over a pine forest in the Front Range of the Rocky
Mountains in the United States measured with an easily
deployable flux measurement system. Very few studies have
been made to quantitate the fluxes of these and other
oxygenated VOCs from biogenic sources. Although itappears
that the importance of MBO may be limited to pine forests
of the western United States (17), acetone and methanol
may have important biogenic sources globally. A simple
model calculated that 20% of the acetone measured in the
free troposphere comes from biogenic sources (15). Ambient
concentrations of MeOH measured over forested regions (4—
6) cannot be accounted for by nonbiogenic sources. Our
understanding of the role these compounds play in atmo-
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spheric chemistry depends on the understanding and
quantification of the biogenic emissions. Obtaining flux
measurements of these and other biogenic VOCs depends
on having instrumentation that is portable and requires little
power so that it can be deployed in remote regions such as
many areas in the tropics where net primary productivity is
the highest. Future improvements in analytical methods need
to focus on greater precision and speed in measuring
oxygenated VOCs such as acetone and especially methanol.

Acknowledgments

This work was supported in part by NSF grant ATM-9633285
and a graduate fellowship from the Cooperative Institute for
Research in Environmental Science. The authors would like
to thank Russ Monson, Andrew Turnipseed, Peter Harley
and the Niwot Ridge crew for light and temperature
measurements and their help in constructing and maintain-
ing the Ameri-flux tower. We thank Bill Baugh for software
support for the REA, and Steve Shertz and William Bradley
for engineering advice. The National Center for Atmospheric
Research is sponsored by the National Science Foundation.

Literature Cited

(1) Trainer, M.; Williams, E.; Parrish, D.; Buhr, M.; Allwine, E;
Westberg, H.; Fehsenfeld, F.; Liu, S. Nature 1987, 329, 705—707.

(2) Chameides, W.; Lindsay, R.; Richardson, J.; Kiang, C. Science
1988, 241, 1473—1475.

(3) Guenther, A.; et al. J. Geophys. Res. 1995, 100, 8873—8892.

(4) Goldan, P. D.; Kuster, W. C.; Fehsenfeld F. C.; Montzka, S. A. J.
Geophys. Res. 1995, 100, 25945—25963.

(5) Riemer, D.; Pos, W.; Milne, P.; Farmer, C.; Zika, R.; Apel, E,;
Olszyna, K.; Kliendienst, T.; Lonneman, W.; Bertman, S.;
Shepson, P.; Starn, T. J. Geophys. Res. 1998, 103, 28111—28128.

(6) Lamanna, M. S.; Goldstein, A.J. Geophys. Res. 1999, 104, 21247—
21262.

(7) MacDonald, R. C.; Fall, R. Atmos. Environ. 1993, 27A, 1709—
1713.

(8) Nemecek-Marshall, M.; MacDonald, R. C.; Franzen, J. J;
Wojciechowski, C. L.; Fall, R. Plant Physiol. 1995, 108, 1359—
1368.

(9) MacDonald, R. C.; Fall, R. Phytochemistry 1993, 34, 991—994.

(10) Kirstine, W.; Galbally, I.; Ye, Y.; Hooper, M. J. Geophys. Res.
1998, 103, 10605—10619.

(11) Martin,R. S.; Villanueva, I.; Zhang, J. Y.; Popp, C. J. Environ. Sci.
Technol. 1999, 33, 2186—2192.

(12) Janson, R.; DeServes, C.; Romero, R. Agric. For. Meteorol. 1999,
98—-9, 671—-681.

(13) deGouw, J. A.; Howard, C. J.; Custer, T. G.; Fall, R. Geophys. Res.
Lett. 1999, 26, 811—814.

1708 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 35, NO. 9, 2001

(14) deGouw, J. A.; Howard, C. J.; Custer, T. G.; Baker, B. M.; Fall,
R. Environ. Sci. Technol. 2000, 34, 2640—2648.

(15) Singh, H. B.; Kanakidou, M.; Crutzen, P. J.; Jacob, D. J. Nature
1995, 378, 50—54.

(16) Goldan, P. D.; Kuster, W. C.; Fehsenfeld, F. C.; Montzka, S. A.
Geophys. Res. Lett. 1993, 20, 1039—1042.

(17) Harley, P.; Fridd-Stroud, V.; Greenberg, J.; Guenther, A.; Vas-
concellos, P. J. Geophys. Res. 1998, 103, 25479—25486.

(18) Baker, B.; Guenther, A.; Greenberg, J.; Goldstein, A.; Fall, R. J.
Geophys. Res. 1999, 104, 26107—26114.

(19) Schade, G.W.; Goldstein, A.H.; Gray, D. W.; Lerdau, M. T. Atmos.
Environ. 2000, 34, 3535—3544.

(20) Hills, A.J.; Zimmerman, P. R. Anal. Chem. 1990, 70, 1735—1742.

(21) Guenther, A. B.; Hills, A. J. J. Geophys. Res. 1998, 103, 13145—
13152.

(22) Businger, J. A;; Oncley, S. P. J. Atmos. Oceanic Technol. 1990,
7, 349—352.

(23) Gao, W. Atmos. Environ. 1995, 29, 2339—2347.

(24) Guenther, A,; et al. J. Geophys. Res. 1996, 101, 18555—18567.

(25) Valentini, R.; Greco, S.; Suefert, G.; Bertin, N.; Ciccioli, P;
Cecinato, A.; Brancaleoni, E.; Frattoni, M. Atmos. Environ. 1997,
31, 229—-238.

(26) Bowling, D. R.; Turnipseed, A. A.; Delany, A. C.; Baldocchi, D.
D.; Greenberg, J. P.; Monson, R. K. Oecologia 1998, 116, 306—
315.

(27) Nie, D.; Kleindienst, T. E.; Arnts, R. R.; Sickles, J. E. J. Geophys.
Res. 1995, 100, 11415—11423.

(28) Helmig, D. Atmos. Environ. 1997, 31, 3635—3651.

(29) Oncley, S. P.; Delany, A. C.; Horst, T. W.; Tans, P. P. Atmos.
Environ. 1993, 27A, 2417—2426.

(30) Helmig, D.; Balsley, B.; Davis, K.; Kuck, L. R.; Jensen, M.; Bognar,
J.; Smith, T., Jr.; Vasquez Arrieta, R.; Rodriguez, R.; Birks, J. W.
J. Geophys. Res. 1998, 103, 25519—25532.

(31) Greenberg, J.P.; Guenther, A.; Zimmerman, P.; Baugh, W.; Geron,
C.; Davis, K.; Helmig, D.; Klinger, L. F. Atmos. Environ.1999, 33,
855—867.

(32) Helmig, D. J. Chromatogr. 1996, 732, 414—417.

(33) Helmig, D.; Vierling, L. Anal. Chem. 1995, 67, 4380—4386.
(34) Montzka, S. A.; Trainer, M.; Goldan, P. D.; Custer, W. C,;
Fehsenfeld, F. C. J. Geophys. Res. 1993, 98, 1101—1111.

(35) Leibrock, E.; Slemr, J. Atmos. Environ. 1997, 31, 3329—3339.

(36) Guenther, A.; Zimmerman, P. R.; Harley, P. C.; Monson, R. K;;
Fall, R. J. Geophys. Res. 1993, 98, 12609—12617.

(37) Warneke, C.; Karl, T.; Judmaier, H.; Hansel, A.; Jordan, A,;
Lindinger, W. Global Biogeochem. Cycles 1999, 13, 9—17.

(38) Mount, G.; Williams, E. J. Geophys. Res. 1997, 102, 6171—6186.

Received for review February 16, 2000. Revised manuscript
received January 24, 2001. Accepted January 29, 2001.

ES001007]





